Abstract-Tunable radio-frequency (RF) components are pivotal elements in frequency-agile and multifunctional systems. However, there is a technical barrier to achieve miniaturized fully electrically tunable RF components. This paper provides and demonstrates the efficacy of a first unique design methodology in developing fully electrically tunable RF components by integrating ferromagnetic [e.g., permalloy (Py)] and ferroelectric (e.g., lead zirconate titanate) thin-film patterns. Py thin film has been patterned in nanometer scale to improve its ferromagnetic resonance frequency for RF applications. Index Terms-Electrically tunable, ferroelectric thin film, ferromagnetic thin film, nanopatterns, radio-frequency (RF) components.
Integrating Nanopatterned Ferromagnetic and Ferroelectric Thin Films for Electrically Tunable RF Applications data-capable system in 2010. The trend continues today with rapid deployment of fourth-generation long-term evaluation systems, driving new bands and modes of operation. The implementation of multiband radio-frequency (RF) and microwave circuit topology that incorporates multiple cellular modes and other functionalities has become feasible.
Great efforts have been spent on developing tunable components with traditional technologies such as switched capacitor networks (RF switch plus integrated metal-insulator-metal capacitor), as well as newer technologies such as barium strontium titanate (BST) and microelectromechanical systems (MEMS). These approaches all offer the ability to dynamically change the impedances within an RF component while introducing minimum loss. Low-voltage operation with low-cost standard technology can be achieved with switched capacitors [1] [2] [3] . Ferroelectric materials have a high dielectric constant that is also tunable by applied voltage. BST has been commonly used to control the frequency and/or phase response of various devices [4] [5] [6] . Another important class of tunable RF devices is RF MEMS technology, which has been successfully applied in developing tunable RF components [7] [8] [9] .
Permalloy (Py) has been extensively explored to implement tunable microwave components because it has large and tunable permeability, small magnetostriction, low coercivity, and no stress anisotropy [10] [11] [12] . However, the ferromagnetic resonance (FMR) frequency of unpatterned Py films is below 1 GHz. In this paper, high built-in shape anisotropy field of Py film is generated by selectively patterning Py thin film, and thus its FMR frequency is effectively increased and the loss introduced by Py film remains in an acceptable limit. FMR frequency of nanopatterned Py thin film has been reported at up to 6.3 GHz [13] .
This paper presents and demonstrates the development of fully electrically tunable RF components by integrating nanopatterned ferromagnetic and ferroelectric thin films. A comprehensive theoretical analysis of the design principle is presented, and the efficacy of the design concept is fully demonstrated with the implemented inductor and phase shifter in this paper. Performance analysis of Py thin film patternsrelated orientation and dimension is discussed in Section II. Variable tunable RF components (e.g., inductor and transmission line) integrated with Py and lead zirconate titanate (PZT) thin films are designed and implemented, and their electrical tunability is fully demonstrated. Section III shows the design of inductors with electrically tunable inductance for the first time. Section IV describes the concept of a smart RF slow-wave transmission line, as well as its application to phase shifter, with a conclusion given in Section V.
II. ORIENTATION ANALYSIS OF PATTERNED
Py THIN FILM According to [14] and [15] , the domain structure of ferromagnetic materials must be well controlled for tunable RF applications. The possible domain patterns of ferromagnetic slim bars are either 180°domain or multidomain structures, which is dependent on the balance of anisotropy energies. The 180°domain pattern, with the oriented magnetization direction parallel to the anisotropy axis without an external magnetic field applied, is suitable for RF applications, especially in increasing the inductance density of transmission lines and inductors. Slimmer and thinner ferromagnetic film wires are more likely to generate 180°domain patterns. In our design, Py is designed and patterned as slim bars with large aspect ratio and thickness of 100 and 200 nm to obtain in-plane uniaxial easy axis and the 180°domain.
The orientation of Py thin-film slim bars is manipulated to be parallel to the signal line toward the direction of the RF signal. When an RF signal is provided, the generated electromagnetic field is perpendicular to the easy axis of Py patterns and parallel to the hard axis, and thus the magnetization oscillates with the external field. At radio frequencies, the magnetization along the hard axis shows much higher permeability than that of magnetization along the easy axis. The reason for this is that the magnetic flux reversal along the hard axis is dominated by the rotational magnetization process; meanwhile, the eddy current losses due to the movement of magnetic domains are significant along the easy axis [16] . This can also be seen from the B-H curve in [17] . Along the easy axis, the hysteresis loop shows much bigger area, which means higher coercivity and loss (domain wall movement), while along the hard axis, the hysteresis loop is a straight line (spin rotation) and the ferromagnetic material has higher permeability and lower loss.
To show the difference of inductance density enhancement introduced by patterned Py thin film along the easy and hard axes, two CPW transmission lines, with Py thin film deposited and patterned on top of the signal lines, were fabricated, and the inductance densities are extracted from the measured S-parameters. Fig. 1 shows the optical image of fabricated patterned Py-enabled transmission line. Parallel and perpendicular Py patterns are deposited and aligned on top of two identical CPW transmission lines, respectively. To reduce the complexity and time of fabrication for quick demonstration, Py thin film is micropatterned with the dimensions of 20 μm × 5 μm and 5-μm space between Py patterns. The thickness of Py thin film is 100 nm.
The inductance density is extracted by the method introduced in [18] . Fig. 2 shows the measurement results. The curves clearly show that parallel orientation of Py slim bars has larger inductance density enhancement compared with that of perpendicular orientation. This has clearly confirmed and validated the requirement of adopting parallel oriented Py patterns, which has also been preliminary demonstrated in [19] and [20] .
III. ELECTRICALLY TUNABLE INDUCTOR
Inductors are widely utilized in modern RFIC and monolithic microwave integrated circuit (MMIC) systems as one of the indispensable elements [21] [22] [23] [24] . Inductors with high performance are tremendously needed to develop communication systems with increased operating frequency. Among various types of inductors, the spiral inductor has been established as a standard passive component in high-frequency applications due to its high inductance density and Q factor [25] [26] [27] [28] . However, conventional spiral inductors take a lot of die area due to their fixed inductance value, and they have a limited role to further reduce the area and cost of communication systems [29] . Electrically tunable inductors are able to solve the technical bottlenecks effectively and reduce the complexity and size of systems. They have been extensively explored and utilized to design voltage-controlled oscillators, tunable filters, and frequency-agile radios. Tunable inductors become more critical in matching network, especially for optimum tuning or wideband impedance matching.
Tunable inductors with greatly increased inductance density have been developed by the application of a single layer or laminated ferromagnetic thin film [30] [31] [32] . However, the inductance of unpatterned ferromagnetic films rolls off rapidly when operating frequency is above 1 GHz due to its low FMR frequency [33] , which results in limited applications of ferromagnetic materials enabled tunable inductors at RF and microwave frequency. On the other hand, although an applied external biasing magnetic field can tune the permeability of ferromagnetic materials to realize tunable inductors [34] , no space and cost budget are available integrating a complex magnetic field into RFICs with commercial CMOS process. This section presents the first fully electrically tunable RF inductor enabled with patterned Py thin film.
A. Tunable Inductor Design
A three-turn tunable octagon spiral inductor is implemented. The linewidth and space between lines of the inductor are 20 and 15 μm, respectively. The outer diameter is 890 μm. To reduce the fabrication complexity and demonstrate the concept and mechanism of tunability, only one metal layer is used and one of the two ports of the inductor is configured inside the inductor as shown in Fig. 3 .
Py is first deposited and pattered on top of metal wires. Parallel oriented Py patterns are selected to introduce high permeability along its hard axis. Since the permeability of Py film is approximately determined by the ratio between the saturation magnetization M s and the anisotropy field H k [14] , while the FMR frequency is proportional to (M s H k ) 1/2 , there is a tradeoff between permeability and FMR frequency. Higher permeability can be gained through decreasing the anisotropy field at the cost of the decrement of FMR frequency. In our design, the dimensions of Py patterns are set to 20 μm × 5 μm and the aspect ratio as well as the anisotropy field is reduced accordingly. Although Py is micropatterned instead of nanopatterned, 180°domain structure is still generated according to [15] . If multiple domain structures appear due to the width expansion of Py patterns, postannealing methods can be adopted to obtain 180°domain structure.
The inductance density improvement and tuning range of inductors are related to the portion of the magnetic material filled flux path [34] . Surrounding all four surfaces of inductor wires with high-permeability Py yields the largest improvement in both inductance density and tuning range. However, considering the complexity of fabrication, only top of the inductor wires is covered with patterned Py in our design. Py pattern arrays are well designed so that the width of Py arrays is wider than that of the inductors wires, which can be seen in Fig. 3 . Although the thickness of Py thin film is much smaller than the thickness of gold wires, dc magnetron sputtering is employed to deposit Py, so both sides of gold wires are well covered with Py thin films.
B. Fabrication and Measurement Setup
The inductor is fabricated by depositing 1-μm-thick gold on silicon wafer with high resistivity (10 k cm). Optical lithography and liftoff process are adopted to pattern the gold and Py thin film. Py was deposited on top of the gold lines in the atmosphere of 2.1-mT argon gas at room temperature by dc magnetron gun. A thin layer of 5-10-nm chromium is deposited as an adhesion layer between Au and Py. Tunable inductors with 100-and 200-nm thickness Py thin film were fabricated to compare the inductance enhancement and tunability.
On-wafer measurement is conducted with GSG RF probes, and scattering parameters of the fabricated inductors are measured under different biasing dc currents with R&S ZVA67 vector network analyzer. RF signal and dc biasing current are simultaneously applied through bias tees between two ports of the inductor. The measurement setup with the device-undertest (DUT) on the probe station is shown in Fig. 4 .
The quality of the tunable inductors is denoted by inductance and quality factor. From the obtained S-parameters, Y -parameters can be obtained by transformation, and, consequently the inductance and quality factor can be defined, respectively, as
where Y 11 is the reflection Y -parameter at port 1 and ω is the angular frequency [35] . On-wafer multiline through-reflect-line calibration [36] is conducted. The losses from cables, connectors, bias tees, probes, and the parasitic effect from the probe pads are de-embedded. ANSYS High Frequency Structural Simulator is employed to optimize the theoretical calculated length of each line section further. Thus, singularity error is avoided, and better results for on-wafer calibration are achieved. 
C. Measurement Results and Discussion
The measurement results regarding the inductance, tunability, and quality factor of inductors with 100-and 200-nm thickness Py thin films are shown in Figs. 5-7, respectively. Tables I and II summarize the data at 2.2 GHz under different dc bias conditions.
It can be seen from Fig. 5 that, with the application of 100-nm thickness Py thin film, the inductance of inductor is significantly increased. At 2.2 GHz, the inductance is increased from 9.44 to 14.54 nH, which is a 54% increment. The increase is due to the high permeability along the hard axis of Py thin film. The measurement results also indicate that the inductance of the Py-enabled inductors can be tuned by the static magnetic field generated by the applied dc current. When 200-mA dc current is applied from the input port to the output port of the inductor, inductance is tunable from 14.54 to 14.20 nH, which is about 2.4% tuning range. When dc current is provided, the static magnetic field is generated around inductor lines, which is always perpendicular to the easy axis of Py patterns. The maximum Ampere's field can be estimated per Ampere's law [37] 
where I is the dc current applied and w is the width of the inductor wire. The magnetization of Py pattern is tilted away from its easy axis to its hard axis by the generated static magnetic field; therefore, its equivalent permeability is tunable, and variable inductance of the inductor has been achieved. Application of thicker Py thin film further increases the inductance density, which can be seen from Fig. 6 . The inductance is increased by 57% from 9.44 to 14.83 nH with 200-nm Py thin film. The tunability of inductance is also increased with the thicker film. With 200-mA dc current applied, the inductance is tunable from 14.83 to 14.25 nH at 2.2 GHz, which is equivalent to 4.1% tunability as shown in Fig. 6 .
With the 100-nm Py integrated to the inductor, the quality factor is increased from 2.30 to 3.62 compared with that of regular inductor without Py. The reason is that the Py thin film brings in the enhancement of the inductance [38] , the effect of which is predominant compared with the eddy current loss that the ferromagnetic material introduces. When a dc current of 200 mA is applied, the quality factor further increases from 3.62 to 3.89, which is due to the decrease in effective permeability of the Py thin film, leading, in turn, to lower eddy current loss [39] . On the other hand, when 200-nm Py thin film is integrated in the inductor, the quality factor increases only from 2.30 to 2.64. This is because, even though 200-nm Py film introduces greater inductance increase, compared with 100-nm Py thin film, thicker film does not have higher permeability nor introduces much more inductance enhancement while it results in more eddy current loss. The relatively small quality factor of the entire structure mainly attributes to the small thickness of inductor metal, which is only 1 μm.
Due to the time-consuming dc magnetron sputtering process, only 200-nm thickness is deposited in this paper. Larger inductance tunability can be achieved by further increasing the number of layers and thickness of integrated Py thin film. However, the thickness needs to be well controlled to guarantee negligible induced eddy current. Another method to increase the tunability is to deposit the patterned Py thin film on all the four surfaces of the signal lines from the top to the bottom and form an entire magnetic loop to concentrate the static magnetic field generated by the dc current. The static magnetic field utilization efficiency thus can be significantly improved.
IV. SMART SLOW-WAVE TRANSMISSION LINE
In the previous section, by integrating patterned Py thin film, an inductor with inductive tunability has been implemented. Here a tunable transmission line is implemented by integrating both PZT and Py thin-film patterns. Capacitive and inductive tunability can be simultaneously realized to enable fully electrically tunable microwave components.
A. Principle of Thin-Film-Enabled Tunable Transmission Line
From transmission-line theory and high-frequency low-loss approximation, the general expression for the complex propagation constant is [40] 
so that
where R, L, G, and C are the series resistance per unit length, the series inductance per unit length, the shunt conductance per unit length, and the shunt capacitance per unit length, respectively, α and β are the attenuation constant and phase constant, respectively, ω is the radian frequency, and Z 0 is the characteristic impedance and can be expressed by the same order approximation as
Accordingly, the phase velocity and electrical length are
respectively, where l is the physical length of the transmission line. By varying L and C with the same ratio, a slow-wave transmission line with a constant physical length (l) has SEM photograph of (a) fabricated slow-wave CPW structure, (b) zoomed-in view of PZT thin film between signal line and ground, and (c) patterned Py thin film. a variable electrical length (θ) and a fixed characteristics impedance.
A step impedance coplanar waveguide (SI-CPW) slow-wave transmission line can be realized by placing alternating narrow and wide conductor sections. SI-CPW is designed and implemented with the integration of nanopatterned Py and PZT films as shown in Fig. 8 . Py is deposited and patterned on top of the signal line to improve inductance density and provide inductive tunability, whereas PZT thin film is grown and patterned between ground and signal line to enhance capacitance density and enable capacitive tunability.
Py thin film is patterned as slim-bar shape to introduce shape anisotropy field, and FMR frequency can be improved consequently per Kittel's equation [13] , which is shown at the bottom of this page, where N x , N y , and N z are the demagnetization coefficients for the ferromagnetic thin film patterns in different directions, respectively, γ is the gyromagnetic ratio, H Bias is the applied magnetic field (e.g., H dc ), and H Ani is self-biased shape anisotropy field created by selectively patterning Py in nanometer scale.
B. Fabrication
A similar procedure as shown in Section III-B has been applied for the fabrication of the transmission line. In [33] , by selectively patterning the Py thin film with the dimensions of 440-nm width and 10-μm length, the FMR frequency of 4.51 GHz has been achieved. To obtain higher FMR frequency, larger aspect ratio is required to increase shape anisotropic field (H Ani ) according to (10) , shown at the bottom of this page. E-beam lithography is utilized to pattern Py thin film in nanodimensions, with a reduced width of 150 nm and the same length of 10 μm to further increase the aspect ratio, and FMR frequency has been improved from 4.51 to 6.3 GHz. PZT solution is prepared with standard sol-gel method; 1.731-mL titanium (IV) isopropoxide and 1.169-mL zirconium (IV) propoxide are mixed first at room temperature, and the well-mixed solution is poured into the solvent of 10-mL 2-methoxyethanol. The solution is then heated to 90°C, and 3.594-g lead (II) acetate trihydrate is added. The prepared PZT solution is spun coated and patterned, and finally the crystallization of PZT is performed at 650°C in oxygen atmosphere for 30 min [20] . To improve the adhesion between PZT and silicon, a 30-nm-thick intermediate silicon dioxide layer is deposited in advance on the silicon wafer.
C. Measurement Results and Discussion
Integrating PZT and Py generates extra loss due to the natural hysteresis feature of ferroelectric and ferromagnetic materials. Moreover, since Py is a good conductor, it would additionally introduce loss resulting from eddy current. To demonstrate and compare the loss coming from the PZT and Py thin films, the insertion loss and Q factor of a group of combined configurations of slow-wave transmission lines, with the same dimensions as the proposed tunable transmission line, composed of only gold, gold with PZT, gold with Py, and gold with both PZT and Py, respectively, are measured. Fig. 9 shows the measurement results of insertion loss and quality factor. Table III summarizes the measurement results at 2 GHz. It can be seen that additional loss is brought in and the quality factor deteriorates accordingly due to PZT and Py integration. The Q factor deterioration caused by PZT is minor. Compared with the pure gold transmission line, negligible reduction of Q factor by 0.04 at 2 GHz is found for gold transmission line integrating PZT thin film only. The reason is mainly that the integrated PZT has a thickness of only 100 nm and the film is deposited only to the small area of the 3-μm gap between the low-impedance sections and the ground. Most of the loss comes from the Py thin film. The Q factor drops by 0.4 at 2 GHz due to the integrated Py. The loss of Py comes from two parts. The first part is its hysteresis loss, and the other part of loss comes from the eddy current. Since Py has high conductivity, eddy current is generated when RF signal is provided and the eddy current can result in the extra conductor loss and deterioration of quality factor. Table IV summarizes the extracted measured L and C results of the implemented slow-wave transmission line. The permittivity of PZT thin film and the permeability of Py thin film are electrically tunable by dc voltage and dc current, respectively. By selective application of dc voltage and current, inductance and capacitance density are electrically tunable while capable of keeping the characteristic impedance the same. The tunable slow-wave coplanar waveguide transmission line can be used to design tunable phase shifter. With the application of Py and PZT thin films, inductance density and capacitance density have been increased 13.3% and 36%, respectively. The working frequency of the implemented phase shifter for a fixed 90°shifts from 2 to 1.5 GHz as shown in Fig. 10 . With the applied dc current and dc voltage, the operating frequency of the phase shifter can be tuned maximally from 1.5 to 1.85 GHz continuously, which is equivalent to 23% electrical tunability.
To describe the figure of merit of the tunable phase shifter, degree per unit loss is adopted. From Table III and Fig.  10 , at 2.0 GHz, the insertion loss of the transmission line with only gold is 1.43 dB and the achieved phase shift is 90°, resulting in 62.9°per unit loss. When PZT and Py thin films are integrated, the insertion loss is increased to 1.69 dB and the figure of merit is 66.3°per unit loss, based on the 112°phase shift achieved. Integrating Py and PZT thin films effectively increases the electrical length compared with the conventional transmission line with the same physical length due to the enhancement of inductance density and capacitance density, respectively, and more phase shift can be achieved at the same operation frequency. However, since more loss is introduced at the same time, the figure of merit of the phase shifter is not increased significantly. When 200-mA dc current and 15-V dc voltage are applied, the change of insertion loss is quite slight while the phase shift is tuned to 96°. The figure of merit is consequently decreased to 57°per unit loss.
When dc voltage is applied between signal line and ground, the static electric field is generated, which changes the spontaneous electric polarization, and consequently, the equivalent permittivity is reduced. Due to the physical limitation of fabrication, the minimum space between wide conductor sections of slow-wave transmission line and ground is set at 3 μm, resulting in a large dc voltage required to achieve the designed tunability. Further improvement can be done by utilizing MIM structure to reduce the tuning voltage [20] . Table V shows comparison on the performance and biasing conditions of the presented phase shifter with state-of-art literature. Similar performance has been achieved for the presented technology. The proposed phase shifter is fully electrically tunable with simultaneous inductive and capacitive tunability without the application of external biasing magnetic field. In addition, dc current and voltage can be independently applied to tune the working frequency of phase shifter. Although 200 mA has been applied to tune inductance, negligible dc power consumption (∼mW) is added, and further reduction of power could be done with thicker metal. The proposed method is flexible in designing miniaturized and arbitrary tunable microwave components (i.e., coupler and bandpass filter), especially capable of fine tuning in filters and impedance matching networks with the provided continuous tunability of L and C.
V. CONCLUSION
Ferromagnetic and ferroelectric thin films have been investigated and integrated for the application of electrically tunable inductors, RF slow-wave CPW transmission line, and phase shifters for the first time. The effect of orientation and dimension of patterned Py thin film is analyzed and discussed. Tunable inductors with different thicknesses of Py thin films are designed, fabricated, and measured. Contributed by the high and electrically tunable permeability of Py thin film, inductance and quality factor of the implemented inductor are significantly increased, and fully electrical tunability is achieved. To demonstrate the efficacy of the proposed concept and methodology, a tunable slow-wave CPW transmissionline structure enabled by Py and PZT is designed and implemented. With the integration of thin films, both capacitance and inductance density are greatly increased. Meanwhile, the inductive and capacitive tunability of the transmission line can be electrically obtained simultaneously with the capability of keeping the characteristic impedance the same. A fixed phase shift of 90°has been achieved continuously from 1.5 to 1.85 GHz by applying external dc current and voltage.
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